Objective: To assess the accuracy of air displacement plethysmography (ADP) and dual energy X-ray absorptiometry (DXA) per cent body fat (%BF) estimations in comparison with a reference five-compartment (5C) model used as the reference method. Design: Cross-sectional study. Setting: Outpatient University Laboratory, Lisbon, Portugal. Methods: A total of 32 girls (age: 15.170.3 years) and 46 boys (age: 15.371.2 years) athletes were measured. Body volume was assessed by ADP; bone mineral content was assessed by DXA; and total-body water was assessed by deuterium dilution. Statistical analyses included examination of the coefficient of correlation (r), standard error of estimation (s.e.e.), slope, intercept, and pure error (p.e.) and the agreement between models. Results: For boys and girls, differences between the 5C model and ADP %BF were 0.2 and 1.7% (r ¼ 0.86 and 0.98, s.e.e. ¼ 2.50 and 1.55%, p.e. ¼ 2.77 and 2.23%), respectively. Differences between the 5C model and DXA %BF were -1.0 and -3.7% (r ¼ 0.85 and 0.91, s.e.e. ¼ 2.60 and 2.91%, p.e. ¼ 2.90 and 4.66%), for boys and girls, respectively. For girls, regression between ADP and DXA against the reference method did not differ from the line of identity (P40.05) while for boys differences were found (Po0.05). Dual energy X-ray absorptiometry overestimated %BF, particularly in girls. For both genders, large limits of agreement were found between the reference method and both techniques, with the exception of ADP in female athletes. Conclusion: We conclude that the two techniques were not precise for individual %BF prediction, though ADP revealed better agreement for girls. However, considering all performance criteria for the mean group, our analysis highlights ADP as a valid and nonbiased tool for the evaluation of body composition in adolescent athletes.
Introduction
Estimates of body composition are widely used in young athletes to prescribe desirable body weights, to optimize performance, and to assess the effects of training. Despite the recognized needs of body composition measurement in the paediatric population, it is difficult to assess body components with accuracy and precision, particularly in young athletes. There are several body fat measurement methods that can be applied in the clinical setting (Wang et al., 1998) . One traditional method is to evaluate body fat based on a two-compartment (2C) model (Siri, 1961) , by hydrostatic weighing and more recently, by air displacement plethysmography (ADP) (Dempster and Aitkens, 1995; McCrory et al., 1995) . The 2C model is formulated on assumed constant densities of fat and fat-free body mass (Siri, 1961) . ADP, which depends on the assumptions of a 2C model, can quickly and safely evaluate body composition in a wide range of subject types, including those who are often difficult to measure, such as the elderly, children, and obese individuals (Fields et al., 2002) . Further, this method has been widely validated in healthy adults (Sardinha et al., 1998; Collins et al., 1999; Levenhagen et al., 1999; Miyatake et al., 1999; Nunez et al., 1999; Koda et al., 2000; Wagner et al., 2000; Fields et al., 2001; Millard-Stafford et al., 2001; Bosy-Westphal et al., 2003) . However, few studies have validated ADP against multicompartment models during growth and maturation to address issues related to body composition changes, specifically fat-free mass (FFM) density and respective fractions of water, protein and mineral (Nunez et al., 1999; Fields and Goran 2000) .
Body volume (BV) measurements that are usually estimated by hydrostatic weighing or ADP serve as the basis for the 2C model of body composition (Going, 1996) . The addition of total-body water (TBW) allows the development of a three-compartment (3C) molecular model. The 3C molecular model can then be extended to a four-compartment (4C) molecular model by adding an estimate of bone mineral by dual energy X-ray absorptiometry (DXA) (Fuller et al., 1992; Pietrobelli et al., 1996; Withers et al., 1996) . Three-and four-compartment molecular models are now widely applied in body composition research. However, both 3C and 4C molecular models do not include a discrete estimation of soft tissue mineral, a small but important component at the molecular level. Therefore, more recently, a new approach to obtaining this component was proposed (Wang et al., 2002) , resulting in the creation of a fivecompartment (5C) molecular model, which divides body mass into fat, water, bone mineral, soft tissue mineral and protein.
Dual energy X-ray absorptiometry has emerged as one of the most widely accepted methods in the assessment of body composition in children and adolescents (Ellis, 1997; Ellis et al., 1997 Ellis et al., , 1999 . This method has advantages over other laboratory techniques as it provides whole-body and regional estimates of body composition, such as fat, lean tissue mass, and bone mineral content (BMC). Because DXA does not rely on the assumptions of a 2C model to provide estimates of body composition or depend on subject performance, it is sometimes regarded as a standard against which other methods can be compared (Clark et al., 1993; Nord and Payne 1995; Goran et al., 1996) . However, like most other methods for measuring body composition, DXA is also subject to error Van Loan, 1998; Roubenoff et al., 2000; Testolin et al., 2000) . Few studies have been conducted to validate DXA against multicompartment models during growth and maturation (Roemmich et al., 1997; Wells et al., 1999; Fields and Goran, 2000; Wong et al., 2002; Gately et al., 2003; Sopher et al., 2004) .
In addition, the physiological changes due to the interaction of growth with the training process in athletes may alter the FFM composition, namely the protein and water constituents, and in turn the assumption that FFM hydration and density are in a constant relationship. Studies on a few small groups of adult athletes have found differences in estimates of body density (Bd) (Modlesky et al., 1996; Withers et al., 1997 Withers et al., , 1998 Prior et al., 2001) , indicating that FFM density may vary by 1.1 g/cm 3 , whereas studies of other groups have not reached the same conclusion (Penn et al., 1994; Arngrimsson et al., 2000) . Therefore, uncertainties remain about FFM composition in growing athletes and the resulting complications on body fat estimates, and efforts to overcome methodological limitations using robust multicompartment models are warranted. It is relevant to note that the 5C molecular model approach has not yet been used in a paediatric population during training. As a result, the purpose of the present study was to compare per cent body fat (%BF) estimations using ADP and DXA with the gold standard 5C molecular model in adolescent athletes. ), 13 of whom were pubescent (eight boys and five girls) and 64 of whom were post-pubescent (38 boys and 27 girls), who volunteered to participate in this study. Subjects were recruited from five sports clubs in Lisbon (Portugal) and were involved in several professional sports (swimming, basketball, rugby, gymnastic and judo). All subjects were informed about the research design and signed a consent form according to the regulations of the Ethical Committee of the Faculty of Human Movement, Technical University of Lisbon. After a 12-h fast, subjects came to the laboratory where all measurements and procedures were carried out over the course of the same morning.
Materials and methods

Subjects
Maturation
Subjects were grouped by pubertal stage, determined by selfassessment according to Tanner stage (Tanner, 1962) and adapted by Ross and Marfell-Jones (1991) . A self-evaluation method, with figures, was used to identify the degree of development of the genital organs, breast and pubic hair.
Reliability
Reproducibility was performed on 2 days approximately 1 week apart in 10 subjects, two males and eight females, ranging in age from 25 to 44 years (mean7s. . Each subject wore a swimsuit and their body mass was measured to the nearest 100 g by an electronic scale connected to the plethysmograph computer. Body volume was computed based on the initial BV corrected for thoracic gas volume and a surface area artefact computed automatically. Measured thoracic gas volume was obtained in all subjects. Body density was then calculated as body mass divided by BV. Per cent body fat (%BF ADP ) was estimated from Bd based on a 2C model using Siri's equation (Siri, 1961) :
Lohman's age-adjusted constants (Lohman 1989) were used to convert Bd into %BF (%BF Lohman ). All measurements were conducted with the BOD POD s software version 1.68. The technical error of measurement (t.e.m.) and the coefficient of variation (CV) for BV were 0.2 l and 0.5 %, respectively.
Total-body bone mineral
Bone mineral content and %BF were estimated using DXA (QDR-1500, Hologic, Waltham, USA, pencil beam mode, software version 5.67. enhanced whole-body analysis). The attenuation of X-rays pulsed between 70 and 140 kV synchronously with the line frequency for each pixel of the scanned image. The same lab technician positioned the subjects, performed the scans, and executed the analyses according to the operator's manual using the standard analysis protocol. Considering that BMC represents ashed bone, BMC was converted to total-body bone mineral (M o ) by multiplying it by 1.0436 . The t.e.m. and CV for BMC in our laboratory were 0.02 kg and 1.6 %, respectively.
Total-body water
Total-body water was assessed by the deuterium dilution technique using a stable Hydra gas isotope ratio mass spectrometer (PDZ, Europa Scientific, UK). After a completed 12 h fast, an initial urine sample was collected and a deuterium oxide solution dose ( 2 H 2 O) of 0.1 g/kg of body weight diluted in 30 ml of water was immediately administered. After a 4 h equilibration period, a new urine sample was collected. (Prosser and Scrimgeour, 1995) . After the tubes were filled they were equilibrated at 20711C overnight for 3 days. The tubes were then introduced sequentially into a helium flow that was dried by magnesium perchlorate, and then analysed by a Hydra gas isotope ratio mass spectrometer set to detect 1 H/ 2 H. The enrichments of equilibrated local water standards were calibrated against standard mean ocean water (SMOW). Based on delta SMOW, TBW was estimated by including a 4% correction due to the recognized amount corresponding to deuterium dilution in other compartments (Schoeller et al., 1980) . The t.e.m. and CV for TBW with the stable isotope ratio mass spectrometry in this laboratory were 0.3 kg and 1.3%, respectively.
Total-body soft tissue mineral
The total-body soft tissue mineral component was assessed with the equation, developed by Wang et al. (2002) :
where M s is total-body soft mineral in kg and TBW is totalbody water in kg.
Five-compartment model
A multicompartment model, 5C molecular model, was used to estimate %BF. Rather than a single total mineral component, this 5C model accounts for both the mineral and soft tissue mineral components (Wang et al., 2002) . However, it is important to note that this model will provide nearly equivalent results to the more commonly used 4C molecular models . Accordingly, BF was assessed with the following equation:
where BV is body volume (l), TBW is TBW (kg), M o is totalbody bone mineral (kg), M s is total-body soft tissue mineral (kg), and BM is body mass (kg). 
Calculation of fat-free mass density
Propagation of measurement error In the present study, we used ADP to assess BV, DXA to estimate M o , and deuterium dilution to estimate TBW. The propagation of measurement errors associated with the determination of BV, TBW and M o can be calculated by assuming that the squared errors (t.e.m.
2 ) are independent and additive . Accordingly, The test-retest reliability data collected in the present study thus yields a value of B1%BF units.
Statistical analysis
Paired t-tests were used to compare %BF from ADP and DXA with the 5C model, for boys and girls. An independent t-test was used to compare FFM composition and density between boys and girls. Whenever a normal distribution in body composition variables was found among the sports (by gender), one-way ANOVA was used to perform comparison of means. Otherwise, a non-parametric test, Kruskal-Wallis, was employed. For each gender, if no more than two sports presented a sufficient number of athletes, the comparison of means was performed using a paired-t test (when a normal distribution was found) or the Wilcoxon test (when the distribution was not normal). Simple linear regression analysis was performed when comparing %BF estimates by ADP and DXA, as the independent variables, with the reference method, as the dependent variable. Multiple regression analysis was performed to test the influence of maturation level alone and in interaction with %BF from each method (ADP and DXA), separately. For each method, if maturation level and the interaction between this factor with DXA and ADP %BF were nonsignificant, simple linear regression analysis were performed to explain %BF from the reference method. The standard error of estimation (s.e.e.) and the coefficient of correlation (r) were analysed. The s.e.e. was used as a measure of validation to assess the lack of association between two methods (reference method vs DXA; reference method vs ADP). Also, the pure error (p.e.) was assessed, as another measure of validation, using the following equation (S(Ÿ-Y) 2 /n 1/2 , where Ÿ is the predicted %BF, Y is the observed %BF and n is the number of subjects (Guo and Chumlea 1996) . Agreement between methods was assessed (Bland and Altman 1986) , including the 95% limits of agreement. Statistical significance was set at Po0.05.
Results
Sample descriptive characteristics, %BF from ADP, DXA, the reference method (%BF 5C ), FFM composition and density, and gender differences for all variables are reported in Table 1 . Although boys and girls had similar age, height and weight were significantly higher in boys (Po0.001), while girls were significantly fatter than boys (Po0.001). For boys, %BF obtained from the several methods did not differ among the four representative male sports (Judo, basketball, swimming and rugby) (P40.05) while for females, gymnasts were significantly fatter than basketball players (Po0.001) (data not shown). For girls, FFM density and composition were not significantly different (P40.05) between basketball players and gymnasts (data not shown). However, male swimmers presented a significant lower FFM density than male basketball players (P ¼ 0.016), but no differences were found with judo participants and rugby players (P40.05). For the male sample, a significantly lower mineral fraction for FFM was found in swimmers compared to basketball players (P ¼ 0.002) (data not shown). For boys and girls, %BF from DXA was significantly higher than %BF 5C (boys: P ¼ 0.014; girls: Po0.001). For boys, %BF from ADP did not differ from %BF 5C . However, for girls, %BF from ADP was significantly lower (Po0.001) than %BF 5C .
Lohman's age-adjusted constants were used to convert Bd to %BF (%BF Lohman ). After applying these equations, body fatness was underestimated in both genders, especially in girls (boys: À1.70%, Po0.001; girls: À4.04%, Po0.001). Fatfree mass density from the reference method was higher than for Lohman's age-adjusted models and differed (Po0.001) by 0.004 and 0.012 g/cm 3 , in boys and girls, respectively. Results from the FFM composition revealed that girls showed a significantly smaller water fraction (P ¼ 0.003) and a significantly higher protein fraction (P ¼ 0.007), compared to boys, resulting in a superior FFM density in the female sample (P ¼ 0.001).
For each method, maturation was tested and did not make a significant contribution to the explained %BF variability from the reference method, using ADP %BF (boys: P ¼ 0.657; girls: P ¼ 0.517) and DXA %BF (boys: P ¼ 0.139; girls: P ¼ 0.807), as the independent variables. In addition, no significant interactions between maturation level with ADP %BF (boys: P ¼ 0.700; girls: P ¼ 0.821) and DXA %BF (boys: P ¼ 0.168; girls: P ¼ 0.892) were found across the models.
ADP and dual energy X-ray absorptiometry vs the five-compartment model
Group means results
The performance of ADP and DXA as predictor variables of %BF 5C is illustrated in Figure 1 . For boys and girls, ADP explained 74 and 96% of the variance, respectively, of the standard multicompartment model. S.e.e. were relatively small: 2.50 and 1.55 %, for boys and girls, respectively.
Using %BF from DXA to predict %BF 5C , we found that DXA explained 72 and 83% of the variance, respectively, for boys and girls, but presented s.e.e. higher than those obtained by ADP (boys: 2.60%; girls: 2.91%).
The p.e. for %BF estimates using ADP was smaller than using DXA, ranging from 2.23 to 2.77% for ADP, and from 2.91 to 4.66% for DXA. As described above, no differences were found between ADP and the reference method for boys (bias ¼ 0.2 %BF, P ¼ 0.946). However, %BF was significantly underestimated in girls using ADP (bias ¼ 1.7%BF, Po0.001). Dual energy X-ray absorptiometry overestimated %BF in relation to the reference method (boys: bias ¼ À1.0%BF, P ¼ 0.015; girls: bias ¼ À3.7%BF, Po0.001), particularly in girls.
Slopes and intercepts from the regression between ADP and DXA with %BF 5C , did not differ from the line of identity (P40.05) for the female sample, while for adolescent male athletes, slopes and intercepts differed from the line of identity (Po0.05), as indicated in Table 2 . 
Individual results
The agreement between the 5C model with ADP and DXA are illustrated in Figure 2 . For boys, no trend line was present for ADP (r ¼ À0.231; P ¼ 0.122) and the limits of agreement ranged from À5.3 to 5.7%. For girls, no association was found between the differences of the reference method and ADP with the mean of both methods (r ¼ 0.194; P ¼ 0.288), and smaller limits were obtained (À1.3 to 4.6 %) compared to boys. For DXA, considerably larger limits of agreement were found, compared with ADP, ranging from À6.4 to 4.3% for boys and from À9.4 to 2.0 % for girls. No association was found between the differences between %BF 5C and DXA with the mean of both methods, for boys (r ¼ 0.215; P ¼ 0.151) and girls (r ¼ 0.112; P ¼ 0.541).
Discussion
To our knowledge, this is the first study to address the validity of per cent body fat estimations using DXA and ADP with a multicompartment molecular model, in male and female adolescent athletes.
Validity of dual energy X-ray absorptiometry
Dual energy X-ray absorptiometry has been evaluated against independent criterion methods, such as multicompartment models, for measuring body fatness in children and adolescents, but not in adolescent athletes (Roemmich et al., 1997; Wells et al., 1999; Fields and Goran 2000; Wong et al., 2002; Gately et al., 2003; Sopher et al., 2004 ). In the current study, results from the regression analysis of DXA with the 5C molecular model point out the validity of this technique. The r, s.e.e. and p.e. ranged from 0.85 to 0.91, 2.60 to 2.91%BF and 2.91 to 4.66%BF, respectively. These results were similar to the findings reported by other authors in prepubescent and pubescent individuals (Fields and Goran 2000) , female adolescents (Wong et al., 2002) , obese children and adolescents (Gately et al., 2003) , and in a large paediatric population (Sopher et al., 2004) . All these studies were conducted using a 4C molecular model as reference (Lohman, 1986) . We found that %BF estimation using DXA was systematically higher in boys and girls, in agreement with previous studies (Roemmich et al., 1997; Fields and Goran 2000; Wong et al., 2002; Gately et al., 2003) . Likewise, in our study, these findings were particularly marked in girls. The higher body fatness in girls may explain the consistency of these results by possibly emphasizing errors of the software assumptions for DXA. Conversely, a study conducted with a sample of 30 children aged 8-12 years (Wells et al., 1999) indicated that DXA showed negligible mean errors in estimating BF with the 4C molecular model. However, the prototype Hologic DXA software for children ADP, DXA, and the five-compartment molecular model AM Silva et al may have overcome artefacts of body size (Wells et al., 1999) . Moreover, using the same DXA manufacturer (Hologic), other authors have indicated that body fat overestimation using this equipment resulted from the assumed hydration status of 73.2% (Roemmich et al., 1997; Wong et al., 2002) . According to Pietrobelli et al. (1998a, b) , DXA methodological limitations are related to the stability of the lean soft tissue R value, which depends in part on the constancy of constituent water, protein, and soft tissue mineral proportions.
The agreement between DXA and the 5C molecular model showed large limits and a considerable mean bias without a significant trend across different levels of fatness, which also concurs with findings reported by other authors (Roemmich et al., 1997; Wong et al., 2002) . The large limits of agreement in our study (boys: À1.075.4% and girls: À3.775.7%) could cause an individual %BF value to be underestimated by 4.3% for boys and 2% for girls, or overestimated by 6.4% for boys and 9.4% for girls, though no relation between the differences of the methods and adiposity was present. Using a 4C model, similar findings (bias72 s.d.) were obtained in females (À3.976.7%) (Wong et al., 2002) , prepubescents and pubescents ranging from À1.1378.41 to À3.4379.09% (Roemmich et al., 1997) , and in a large paediatric sample (À1.078.9%) (Sopher et al., 2004) , showing that DXA could cause an individual %BF value to be overestimated by B13%. To a lesser extent, Gately et al. (2003) , reported bias (72 s.d.) for obese children ranging from À1.773.1 to À2.274.4%, respectively, for boys and girls.
To further understand the relatively higher variability of DXA %BF estimates in relation to the reference method, consideration was given to the associations between the differences of the methods and the hydration of FFM (TBW/ FFM). For girls, no relationship was found between the two variables (r ¼ À0.084; P ¼ 0.649), while for boys, a significant inverse association was found (r ¼ À0.394; P ¼ 0.007). Therefore, it appears that the lower the TBW/FFM hydration, the higher the overestimation of body fatness in the male group. The reason for this finding is unclear and requires further investigation.
Sources of potential error have been corrected by the introduction of improved software (Pintauro et al., 1996; Kohrt 1998; Nord et al., 2000) . A recent investigation (Tylavsky et al., 2003) revealed an overestimation of FFM after updating the software. Therefore, concerns are still warranted, as DXA estimates of fat/lean tissue are assumed to be in the same proportion in pixels containing bone as they are in the adjacent non-bone-containing pixels. To overcome the systematic bias in DXA %fat measurement, we recommend the development of calibration models for DXA group mean %BF estimates in adolescent athletes, even though individual %BF estimates cannot be performed. The applicability of this recommendation to DXA instruments made by other manufacturers or to DXA instruments that use different scans modes and software is not known, though a few studies have shown a lack of interchangeability in DXA systems to assess soft tissue (Paton et al., 1995; Economos et al., 1997; Tothill et al., 1999; Tothill and Hannan, 2000) .
Validity of ADP
Compared with the 5C molecular model, ADP results for mean %BF estimates using Siri's equation (Siri, 1961) to convert Bd to %BF showed a slight underestimation in the female group, but no difference in boys. However, Lohman's age-adjusted constants used to convert Bd derived from ADP into %BF remarkably underestimated %BF in both genders, though the regression parameters showed similar values for r and s.e.e. (girls: r ¼ 0.97, s.e.e. ¼ 1.54%; boys: r ¼ 0.85, s.e.e. ¼ 2.51%) to those obtained with the Siri equation (girls: r ¼ 0.98, s.e.e. ¼ 1.55%; boys: r ¼ 0.86, s.e.e. ¼ 2.50%). Therefore, results obtained from ADP %BF estimates using the Siri equation will be discussed throughout this section rather than the use of Lohman's age-adjusted models.
For group means, ADP was a precise and valid technique for the determination of body composition in adolescent athletes as indicated by the regression parameters, particularly in the female sample ( Table 2 ). The r, s.e.e., and p.e. ranged from 0.86 to 0.98, 1.55-2.50%BF, and 2.23-2.77%BF, respectively, which closely agrees with other studies in prepubescents and pubescents (Fields and Goran, 2000) , and in obese children and adolescents (Gately et al., 2003) , that used a 4C molecular model as reference (Lohman, 1986) . However, these authors calculated %BF from ADP by converting Bd with Lohman's age-adjusted constants (Lohman, 1989) . Considering the regression parameters, ADP was even more precise in our male sample compared to the findings from Fields and Goran (2000) . Nevertheless, it is important to note that the previous authors examined precision and accuracy of %BF estimation using ADP in children of both sexes as a whole, and not separately as in the present work.
In comparison with the criterion method, a small but significant underestimation of %BF was found for girls using ADP. No bias was found between this technique and the reference method for boys, but larger limits were found in boys than in girls, indicating that this method s.e.e.ms to display higher variability in individual %BF estimation in adolescent males. However, it is important to state that the sex disparity may be a function of gender differences in %BF, that is, higher variability in lean individuals and not a gender effect per se. Body fatness was not related to the differences between ADP and the reference method, which emphasizes the use of ADP in a sample of adolescents athletes that present a recognizably wide range of body fatness (B5 to B30 %BF). Using Lohman's age-adjusted models, no association with body fatness was reported by other investigations (Fields and Goran, 2000) , but a significant mean underestimation was found in prepubescents and pubescents (Fields and Goran 2000) , while for overweight and obese children, no mean bias was found (Gately et al., 2003) .
Effect of fat-free mass composition and density One critical issue is the constancy of the FFM density, which is relevant for %BF estimation using a 2C model. Our findings show that adolescent male athletes as a group did not have a FFM density significantly different from the assumed adult value of 1.1 g/cm 3 , though the composition of the FFM differed somewhat from what is commonly assumed. The mean %BF underestimation found between ADP and the reference method for girls resulted from a significantly higher FFM density than the adult assumed value of 1.1 g/cm 3 (Siri, 1961) . These results were surprising because in children and adolescents a FFM density less than 1.100 g/cm 3 was expected in this population. Studies have pointed out that the mineral and the water fractions of the FFM increase and decrease, respectively, during growth and maturation (Fomom et al., 1982; Haschke 1983; Boileau et al., 1984) . This effect promotes an increase on FFM density during this period, as total-body mineral density is higher than water density (3.038 vs 0.9937 g/cm 3
). Based on a few previous studies (Fomom et al., 1982; Haschke, 1983; Boileau et al., 1984) , Lohman proposed the use of age-and genderspecific equations (Lohman, 1989) , which account for maturation-related changes in the density of the FFM for children and youth. Our subjects showed a smaller water fraction and a higher protein fraction than previous studies (Fomom et al., 1982; Haschke, 1983; Boileau et al., 1984) . As a result, FFM density was clearly underestimated (Po0.001) by Lohman's models (Lohman, 1989) , due to the lower water and the higher residual/protein fractions, which has an assumed greater density than water (1.34 vs 0.994 g/cm 3 ). For females, FFM density was even higher than the adult value while for males it was similar. Therefore, Lohman's sexand age-adjusted constants for %BF estimation in this specific sample were inappropriate.
In relation to these findings, it is important to note that 17 and 73% of our subjects were pubescent and postpubescent, respectively, resulting in a higher maturation level and, consequently, a higher FFM density. In addition, gymnastic females comprised more than half of our sample, thus, the higher FFM density found in our study extends the results presented by Prior et al. (2001) in adult female gymnasts, though similar results were also presented in our female basketball players. Also, a higher FFM density was found in adult female middle -distance runners (Withers et al., 1998) . The higher FFM density found in our female sample, caused by the lower TBW/FFM than assumed, differed from the pattern observed in other sports, namely in adult body builders (Modlesky et al., 1996; Withers et al., 1997) , football players and swimmers (Prior et al., 2001) which showed values of FFM density smaller than 1.1 g/cm 3 , as a result of the higher FFM hydration. The lower TBW/FFM found in our adolescent female athletes could have reflected dehydration. However, there was no indication that they did not adhere to the instructions designed to ensure normal hydration.
The male athletic sample did not differ from the value 1.1 g/cm 3 , which is in line with other findings conducted in adult athletes (Penn et al., 1994; Arngrimsson et al., 2000) . The lower mineral fraction of the FFM in our male swimmers (though significant only compared to our basketball players), is corroborated by results from a previous study (Prior et al., 2001) . The FFM density in our study ranged from 1.09670.008 g/cm 3 for male swimmers to 1.10570.004 g/cm 3 for male basketball players and from 1.10470.005 g/cm 3 for female gymnasts to 1.10570.003 g/cm 3 for female basketball players, which certainly indicates deviations in the composition of FFM. Thus, our results may indicate that different types of athletic training have different effects on the density and composition of the FFM. The 4C and 5C molecular models have obvious advantages over 2C models because the reliance on a constant for the proportions and densities of the FFM is eliminated. The 5C molecular model used in this study provides additional insight regarding the effects of maturation, hydration, mineralization, and protein status of the FFM, in the estimation of body fatness, as hydration status decreases and bone mineralization increases with age (Lohman, 1986) . In the present study, we have assumed that the 5C analysis provides the most accurate estimates of %BF. Heymsfield et al. (1996) provide further details on the assumptions for multicompartment model development. Moreover, the use of ADP to estimate Bd may be a limiting factor for the use of the 5C model in the present study. It must be considered that there is currently no true gold standard for human body composition analysis. Therefore, body composition studies are always and necessarily a comparison of methods, where some assumptions need to be present.
Conclusion
The cost of the 5C molecular model does not allow a wide implementation of this model in most laboratories. Therefore, less expensive and laborious techniques, such as DXA and ADP, should instead be used in clinical settings. These methods are easily and quickly performed, safe, and progressively more available. Our results showed a strong relationship between body fatness assessed by the reference method and both techniques. However, the techniques were less precise at an individual analysis, though ADP revealed a better precision for individual %BF estimation in adolescent females. In addition, we conclude that Bd converted to %BF by using Lohman's age-adjusted constants was not useful in this specific population because it markedly underestimated body fat. Moreover, athletes in selected sports may have systematic deviations in D FFM by as much as 1.1 g/cm 3 , according to assumptions from the Siri equation, resulting in-group mean errors for %BF estimation. The cause of these variations is complex and further research is required, especially during growth and maturation.
Although mean %BF estimates differed somewhat between the criterion-5C model and the DXA system, our findings in adolescent athletes suggest a strong relationship, though a specific DXA calibration may be required for the Hologic QDR-1500. Considering the performance criteria for group means, the current analysis supports ADP as a valid, precise, and nonbiased tool in the evaluation of body composition in adolescent athletes.
